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ABSTRACT
Clostridium difficile is increasingly recognized as an important enteropathogen in both humans and animals. The finding of C. difficile in air samples in hospitals suggests a role for aerial dissemination in the transmission of human C. difficile infection. The present study was designed to investigate the occurrence of airborne C. difficile in, and nearby a pig farm with a high prevalence of C. difficile.  Airborne colony counts in the farrowing pens peaked on the moments shortly after or during personnel activity in the pens (P = 0.043 (farrowing pen 1,2), P = 0.034 (farrowing pen 2)). A decrease in airborne C. difficile colony counts was observed parallel to aging of the piglets. Airborne C. difficile was detected up to 20 m distant from the farm.  
This study showed the widespread character of aerial dissemination of C. difficile on a pig farm and the association between personnel activity in farrowing pens and an increase of C. difficile in the air.
keywords: aerial dissemination, Clostridium difficile, activity, pig farm

1. INTRODUCTION
C. difficile is considered as the most important cause of outbreaks of neonatal diarrhea in pig husbandry (Songer and Uzal 2005). Infection of neonatal piglets occurs by environmental transmission (Hopman, et al. 2010). C. difficle has also been detected in air samples, but the role of aerial dissemination in the transmission of C. difficile to piglets is unclear (Hopman et al. 2010). The hypothesis that aerial dissemination could play a role in the transmission of C. difficile in animals (hamsters) was posted as early as 1981 (Toshniwal, et al. 1981). Aerial dissemination of C. difficile recently gained attention as this might be the explanation for the finding of C. difficile spores on air vents and high horizontal surfaces in hospitals (Fawley and Wilcox 2001; Fawley, et al. 2005). The first report on the detection of airborne C. difficile derived from a hospital setting in 2008 (Best, et al. 2010). Airborne C. difficile was found sporadically and its presence correlated with personnel activity, e.g. bed cleaning (Best, et al. 2010; Roberts, et al. 2008). Based on these findings it was suggested that aerial transmission of C. difficile might be the explanation for the spatial clustering of nosocomial Clostridium difficile infection (CDI) outbreaks (Best, et al. 2010). Furthermore, it was suggested that aerial dissemination could play a role in the persistence of CDI in hospitals (Roberts, et al. 2008). 
Recent epidemiological studies indicated a shift in the epidemiology of CDI in humans.  CDI has been considered as a hospital- and antimicrobial agents-associated infection, but is nowadays increasingly reported as a community acquired infection (Freeman, et al. 2010; Indra, et al. 2009; Poutanen and Simor 2004). C. difficile PCR Ribotype 078 is responsible for the majority of the community acquired infections (Bauer, et al. 2011; Kuijper, et al. 2006; Wilcox, et al. 2008). The emergence of this strain has also been noticed in the Netherlands, where its prevalence increased since 2005. At the moment ribotype 078 is the third most common strain in human CDI in the Netherlands (Hensgens, et al. 2010). The same strain plays an important role in pig husbandry (Keessen, et al. 2010). The high prevalence of ribotype 078 in humans and animals and the detection of C. difficile spores in retail meat and pork raised concerns about a possible zoonotic transmission (de Boer, et al. 2011; Rupnik and Songer 2010; Weese 2010). The finding of genetic similarities and comparable antimicrobial susceptibility patterns of the type 078 strains found in pigs and humans strengthened these concerns (Debast, et al. 2009). However until now there is no evidence of a zoonotic transmission (Weese 2010).
In the light of the ongoing uncertainty about the zoonotic potential of C. difficile and the emergence of hypervirulent strains, research on the possible routes of transmission from animals to humans and between animals becomes increasingly important. There is still little knowledge on possible transmission routes from animals to humans (Jhung, et al. 2008). Possible routes other than by consumption of meat, i.e. direct and indirect contact with animals, cannot be ruled out (Weese 2010). It is increasingly recognized that aerial dissemination of bacterial elements can be a main route of zoonotic transmission (Kuske 2006). The aim of this study was to investigate the presence of C. difficile in the air of a pig farm with a high prevalence of CDI and to relate colony counts to personnel activity. An additional goal of this study was to determine whether C. difficile could be detected in the air in the close vicinity of the farm.   

2. MATERIAL & METHODS
2.1. Farm
Air sampling was done at a pig-breeding farm with a known high prevalence of Clostridium difficile in the pigs. The ventilation mode in the pens is a negative pressure system, except for the pregnant sow unit, which has a number of open communications with the outside. Fresh air enters the pens from the hallway through slotted air inlets in the doors. The air leaves the pens through a fan, at a height of four meter, which directs the air into an airshaft or directly into the outside environment.
2.2. Sampling procedure
A MB1 MICROBIO Air Sampler (Parrett Technical Developments) was used for collection of airborne Clostridium difficile. This sampler functions on the principle of solid plate impaction and has a maximum air flow capacity of 100 L/min. This type of sampler is described to be an optimal choice for the collection of colonies and Enterobacteriaceae (Thorne, et al. 1992). The air was directed on commercially prepared C. difficile agar plates (CLO-agar, Biomérieux). Following sampling the agar plates were kept in a refrigerated box, until the laboratory was reached. The air sampler was not treated with disinfectans between sample taking, however the control cultures taken from air upwind to the farm were always negative. 
Sampling times of five minutes and two minutes were used. During the first experiments it appeared that the agar plates used for the five minute sampling were difficult to count due to the density of colonies. Therefore, a sampling time of two minutes was used for the subsequent experiments. 
2.3. Sampling strategy
2.3.1. Inside air sampling
Sampling of the farrowing ward, the juvenile sow ward and the boar ward was performed in the ventilation shaft of the building. Sampling of the weaned piglets ward, pregnant sow ward and insemination ward took place in the pens self at a height of 1.50 m. This was because air from these pens is directed immediately to the outside environment, i.e. not first directed into an air shaft. 
The numbers of pigs and piglets of each ward and pen were registered at the beginning of the experiments. Subsequent parturitions and changing number of piglets in the farrowing ward were registered as well.
2.3.1.1. Cross sectional sampling
Farrowing wards were sampled once, all other wards were sampled twice on 2 different days. 
2.3.1.2. Continuous sampling
Experiment 1. Air in farrowing pen 1 was sampled during two minutes, which was repeated every 15 minutes during eight hours and 45 minutes. The farrowing pen contained ten sows and 136 piglets, one to two weeks of age.
Experiment 2. The air in farrowing pen 2 was sampled five minutes, which was repeated every 30 minutes during six hours. This experiment was repeated the next day for 2.5 hours. The farrowing pen contained ten sows and 133 piglets, two to three weeks of age.
Continuous sampling was combined with the registration of personnel activity.  Personnel activity was observed and registered by one person, while another person took the samples. Comparison between the activity data and the colony count was possible as both were taken as a function of time. 
2.3.1.3. Continuous sampling during movement of weaned piglets
On three occasions sampling was performed prior, during and after movement of weaned piglets from their farrowing pen to the weaned piglets ward. Air coming from these farrowing pens was sampled continuously with a sampling time of five minutes.
Experiment 1 
Two farrowing pens were sampled continuously with a 15 minute sampling period: five minutes prior, five minutes during and five minutes after movement of weaned piglets. 
On one occasion CLO agar plates were placed at a height of 0.5 m in the hallway prior to the movement and removed afterwards. This hallway is used as a passage for the weaned piglets.
Experiment 2 
One farrowing pen was sampled continuously with a 30 minute sampling period: five minutes prior, five minutes during and 20 minutes after movement of weaned piglets. 
2.3.1.4. Longitudinal sampling
Experiment 1. Farrowing pen 3 was sampled each day during a period of six days with a sampling time of two minutes. On day 1 38 piglets were present; 11 one-day old and 27 neonatal. 128 piglets (90 out of 128 neonatal) were present on day 2 and 134 piglets (12 neonatal) were present on day 3. 
Experiment 2. Farrowing pen 4 was sampled each day during a period of 15 days with a sampling time of five minutes.  No piglets were present on day 1, 41 were present on day 2, 56 were present on day 3, 94 were present on day 4, and 106 were present on day 5. After this day no more new piglets were born.
Longitudinal sampling was combined with registration of the presence of diarrhea.  Microbiological examination of diarrheal samples was not performed.
2.3.2. Outside air sampling
Outside air sampling was performed above roof exhausts and at distances 20, 40, 80 and 140 meter downwind from these exhausts at a height of 1.5 m. Sampling time was set on five minutes. Data of the Dutch Meteorological Institute was used to determine wind speed and temperature. Control sampling was performed at an upwind point 20 meter distant from the nearest exhaust to exclude any other sources of airborne Clostridium difficile.
2.4. Analysis procedure
Samples were incubated on the CLO-agar plates at 37 °C for 48 h under anaerobic conditions. Using Gram staining the isolates with morphology typical of C. difficile were identified. Per ward two isolates were randomly chosen, both to be ribotyped according to the method described by Paltansing (2007). Isolates from the outside samples were ribotyped as well. Colony counts were calculated per m3.  
2.5. Statistical analysis
Data from the continuous sampling experiments were analyzed using the t-test to investigate the correlation between personnel activity and colony count. 

3. RESULTS
3.1. Inside air sampling
3.1.1. Cross sectional sampling
Clostridium difficile was detected in the air of all of the wards, except in the air of the pregnant sow unit. The numbers of colonies ranged from 2/m3 to 625/m3, with the lowest numbers found in the weaned piglets ward and the highest numbers found in the air of the farrowing ward. However, once corrected for the number of pigs and piglets, the highest numbers of colonies were found in the boar ward; 66 colonies/m3/pig, compared to 4.9 colonies/m3/piglet as the highest number found in the farrowing ward.  
The weaned piglets ward, with piglets ranging from 35 to 65 days of age, and the insemination ward, with 14 sows, were tested negative the first time these wards were sampled. When these wards were sampled again three weeks later, low numbers of colonies were found; 2 colonies/m3 in the weaned piglets ward (100 piglets) and 20 colonies/m3 in the insemination ward (16 sows). 
Table 1 shows the results of cross sectional sampling of farrowing pens. Colony count ranges from 24/ m3 to 246/m3. The colony counts were corrected for the number of piglets, because pens differed substantially in these numbers (ranging 15-120 piglets). The highest corrected numbers of colonies was found in the air of the pen with neonatal piglets: 4.9 colonies/m3/piglet. Lowest corrected numbers of colonies were found in the air of the pen with the oldest piglets (one month of age): 0.26 colonies/m3/piglet. 
3.1.2. Continuous sampling in farrowing pens 1 and 2
Experiment 1: sampling during 8.45 hours with an interval of 15 minutes in farrowing pen 1
Figure 1 shows that colony count ranged between 135 and 575 colonies/m3 (average 283.6 colonies/m3) and varied much over time. Personnel activity was registered continuously and is presented in table 2. Most peaks corresponded with activity prior to sampling. One of the two highest peaks (11:45) was not preceded by registered activity. On the other hand, activity was not always related to a peak; medical care by students (9:00) did not result in an increasing number of colonies. Nonetheless personnel activity in the 15 minutes prior to sampling correlated significantly to an increase in colony count (P = 0.043). 
Experiment 2: sampling during 8.30 hours with an interval of 30 minutes in farrowing pen 2
Figures 2 and 3 show that colony count ranged between 4 and 200 colonies/m3 (average 28.1 colonies/m3). Personnel activity was registered continuously and is presented in table 3 and 4. Vaccination preceded the peak of 11:00, feeding and medical care preceded the peak of 9:00. Personnel activity in the 30 minutes prior to sampling correlated significantly to an increase in colony count (P = 0.034). 
All three figures show that colonies were detected at any moment in time during continuous sampling. 
3.1.3. Continuous sampling during movement of weaned piglets 
Table 5 shows the numbers of colonies found with continuous sampling during movement of weaned piglets from their farrowing pen to the weaned piglets ward. The numbers of colonies found during movement increased on average 7.7 times compared to the numbers of colonies found prior to the movement. The numbers of colonies of the three pens show a fast decline once the piglets have been moved. The air of one pen continued to have a high concentration of colonies, with the highest concentration found 20 minutes after movement of the pigs.
Movement of the weaned piglets from their farrowing to the weaned piglets correlated significantly to an increase in colony count (P = 0.028).
On one occasion CLO agar plates were placed in the central hallway of the farm during the movement of the piglets. These plates were colonized by C. difficile, although no quantitative statements can be made because no air sampler was used.
3.1.4. Longitudinal sampling in farrowing pens 3 and 4
Experiment 1: 6 day sampling in farrowing pen 3
Figure 4 shows a steady incline in the number of colonies found during the first four days. The subsequent decline is counteracted by an increase on day 6. No colonies were found on the first day, highest numbers of colonies were found on day 4 and 6: respectively 480 and 316 colonies/m3. Diarrhea was reported on day 4 and day 6 in three different litters; at the time of the first report the concerned litters aged three and four days. 
Experiment 2: 15 day sampling in farrowing pen 4
Figure 5 shows that colony count increased from day 1 onwards to a great peak on day 4. From day 4, colony count decreased until day 9. Day 10 was marked by a slight increase to a level that was maintained for four days. Colony count decreased from thereon. On day 10, 1 litter (age unknown) was reported to have diarrhea. 
3.2. Outside air sampling
Air from all four exhausts on the top of the building (consisting of air coming from farrowing, boar and young sow ward) tested positive for C. difficile, the numbers ranged from 6 colonies/m3 to 120 colonies/m3. Outside air tested positive 2 out of 4 times at a distance of 20 m downwind from the building. No colonies were found 40, 80 and 140 meter distant of the building. Outside temperature ranged from 2 °C to 8 °C, airspeed ranged from 0.83 m/s to 5.3 m/s. Positive air samples were obtained with the highest airspeeds (5.3 and 3.2 m/s).  All upwind air samples were negative for C. difficile.
3.3 Ribotyping
In most air samples within the farm and at 20 m distance from the farm C. difficile was detected. A collection of this share was ribotyped. All C. difficile ribotypes were identified as ribotype 078.

4. DISCUSSION
The aim of this study was to detect C. difficile in the air of a pig farm and to relate colony counts to personnel activity and to determine whether C. difficile could be detected in the close vicinity of the farm. The results demonstrate that Clostridium difficile was commonly present in the air of the pig farm investigated. Personnel activity preceded most peaks in the colony count of the continuous sampling experiments; feeding, vaccination and movement of weaned piglets from the farrowing pen to the weaned piglets ward correlated significantly to an increase in colony count. A non-significant increase in colony count was found during the longitudinal experiments on the days that diarrhea was reported. In outside air colonies were detected up to 20 m distant from the farm. All colonies selected for ribotyping were identified as ribotype 078.
The fact that C. difficile was detected in the air of all of the wards, except in the air of the pregnant sow unit might be explained by the architectural configuration the pregnant sow unit. This unit is the only one with an outdoor part and so the only one with an open outdoor communication, resulting in natural ventilation. 
Highest colony counts were found during or shortly after feeding, ear tagging and entrance of the farmer. However one of the highest peaks is not linked to personnel activity, an explanation for this peak might be that this increase in colony count was caused by animal activity not related to personnel activity. The correlation of finding higher colony counts when personnel activity is seen is in agreement with research that demonstrated an increase in bioaerosols formation during feeding and stressing of pigs, and entrance of animal handlers (Gloster, et al. 2007; Kim, et al. 2005). Bioaerosols are described as submicron (<0.02 µm) to multi-micron (0.2–50 µm) biological particulates suspended in air (Millner 2009), this includes C. difficile spores, with a mean size of 1–1.5 µm in length and 0.5–0.7 µm in diameter (Snelling, et al. 2010). It is expected that airborne C. difficile consists of airborne spores, as the bacteria itself is anaerobic and therefore will not survive in aerobic environments. 
The increase in the numbers of C. difficile colonies in relation with personnel activity is in accordance with previous studies performed in hospitals (Best, et al. 2010; Roberts, et al. 2008). A notable difference between the present and the latter study is the frequent detection of airborne C. difficile in this study compared to the incidental detection of colonies in the human situation. This might be explained by the minimal movement of hospitalized patients and the high hygienic standard as opposed to the pig farm situation. 
The increase of colony numbers during activity can only be explained by the presence of non-airborne C. difficile in the pen, ready to be disseminated. This non-airborne C. difficile can be C. difficile which never have been airborne and C. difficile which already have been airborne, but settled out before reaching the fan and the ventilation shaft. There is debate about the configuration of airborne C. difficile; whether it transits individually or clustered, and, as a consequence, about the fallout time (Best, et al. 2010; Roberts, et al. 2008; Snelling, et al. 2010). The greater the size of the aggregates of C. difficile, the less influence ventilation will have on the movement and distribution of C. difficile. This diminishes the role of ventilation, an effect that was described by Kim et al. (2007), who found that three levels of ventilation had only minor implications for the concentration of bioaerosols.
Of all samples taken from the farrowing pens, only once a pen tested negative for C. difficile. This negative sample was found at the start of one of the longitudinal experiments, when 38 piglets were present. It is interesting to note that the other farrowing pen tested positive at the start of the longitudinal experiment, even though no piglets were present. The latter can only be explained by C. difficile excretion by the present sows or by the presence of C. difficile from previous litters in the same pen. A variation in the excretion by sows prior to farrowing is described by Weese et al. (2010) and might be an explanation for the reported difference. 
The same longitudinal experiments show a tendency of increasing colony counts on the days that diarrhea was reported. Colony count increased on average 2.9 times compared to the day before, when no diarrhea was reported (P = 0.204). 
The fact that all investigated farrowing pens were positive for airborne C. difficile and only two pens were reported to have diarrheic litters, shows that diarrhea is not a prerequisite for the detection of airborne C. difficile. This is in agreement with previous studies that showed no association of colonies excreted by neonatal piglets with diarrhea (Alvarez-Perez, et al. 2009). Furthermore this study shows that there is an overall high prevalence of airborne C. difficile in the farrowing pens. A high prevalence and apparent asymptomatic colonization (and excretion) of C. difficile has been noticed by Weese et al. (2010), who found a total of 96% infection rate in piglets in a longitudinal study. 
Both longitudinal and cross-sectional sampling indicated a decrease in the numbers of colonies found as piglets’ age. Highest numbers of colonies were found in air from pens with neonatal piglets, lowest numbers were found in the air from pens with weaned piglets. These results are in accordance with the significant decrease in colonization over time found with cross-sectional and longitudinal fecal sampling of piglets by both Norman (2009), Alvarez-Perez (2009) and Weese (2010). However, the finding of high numbers of colonies in the air from the boar ward and the juvenile sow ward is in conflict with the latter results.  An explanation can be the minimal cleaning frequency (once a year) of these wards, which allows a continuous build-up of excreted C. difficile. This minimal cleaning frequency is in contrast to the situation of the weaned piglets and farrowing wards, where cleaning takes place before animals move in (every five to six weeks). 
The large decrease in colony count immediately outside the building is a logical consequence of the dilution by outside air, and generally applies to the total bacteria concentration (Homes, et al. 1996). Research regarding the dissemination of bioaerosols emitted from pig farms demonstrated that the concentration of pathogens like Streptococcus, Hemophillus parasuis, Bacillus, E. coli and Staphylococcus did not drop to background concentration for several hundred meters (Homes, et al. 1996, Köllner and Heller 2006). At a distance of 150 m from pig waste treatment facilities Clostridium perfringens spores were found to have the highest concentration compared to other culturable bacteria in samples taken from the air (Ko, et al. 2008). This can be attributed to the high resistance of colonies compared to more fragile bacteria (Ko, et al. 2008). In this perspective the absence of C. difficile in air samples taken further than 20 m distant from the farm, was unexpected. An explanation can be the minimal wind speed during sampling. Unfortunately, soil and water samples were not taken. Once again it is essential to know the size of airborne C. difficile, for size is an important factor in determining the distance bioaerosols can be carried by air (Gloster, et al. 2007). Lacking of information about the behavior of airborne C. difficile, makes explaining the discrepancy between recent results and prior research difficult.
Limited dispersal of airborne Clostridium difficile to the outside environment could implicate a low risk of human exposure to airborne Clostridium difficile, though we are not informed on the presence of C. difficile in environmental samples other than air. Until so far, evidence is lacking of zoonotic transmission of C. difficile (Weese 2010). The known negative health effects of living in the vicinity of pig facilities are mainly of a respiratory nature, although Wing and Wolf (2000) found people living in a two mile radius of a farm to have higher frequency of diarrhea reports. The same applies to personnel of pig facilities, who are known to have a higher prevalence of Yersinia enterocolitica, Salmonella and Leptospira (Cole, et al. 2000).
No publications on the potential and mechanisms of infection by airborne C. difficile could be found. Other gastro-intestinal pathogens such as Salmonella, Campylobacter and Clostridium botulism have been proven to be able to infect by airborne transmission (Oliveira, et al. 2006; Pillai and Ricke 2002; Sugiyama, et al. 1986). Infection of the gastro-intestinal tract by airborne pathogens can occur after ingestion or after formation of infection in the throat or upper airway (Pillai and Ricke 2002). Based on the assumption that C. difficile tends to aggregate to a size of at least 6.1 µm (Snelling, et al. 2010), it can be presumed that these aggregates are beyond the limit of respirable size; particles ≥6 µm are filtered in the nose and subsequently swallowed (Pillai and Ricke 2002; Stark 1999). Thus airborne C. difficile should follow the same route as ingested C. difficile once inhaled. Besides the unclear mechanisms of infection there is no minimal infective dose of C. difficile known, this combination makes statements about infective potential of airborne C. difficile difficult to verify. 
Finding airborne C. difficile may implicate an important role of aerial dissemination in the transmission of CDI amongst piglets. The possibility of aerial dispersal of C. difficile from one farrowing pen to another is shown by the detection of colonies in the hallway during movement of the piglets. Since airflow is directed from the hallway to the different pens, the presence of colonies in the hallway might indicate a potential spread of colonies from weaned piglets to other pens. 
This study is limited by its descriptive nature. There were too few occasions where diarrhea was present to make a valid statement about a possible significant correlation between diarrhea and colony count. Furthermore not all sampling was conducted by simultaneous registration of personnel activity and animal activity not induced by human handling was not incorporated in this study. Other limitations of this study are the fact this study was not designed to study the association with diarrhea due to C. difficile and that therefore we did not use a control farm with absence of CDI. No environmental samples were taken in the vicinity of the farm. Lastly, it is difficult to find a suitable parameter to determine the number of colonies, e.g. per animal and litter air sampled. Due to the different animal density and age composition in the pens, it is precarious to compare the colony counts of these pens. One way to neutralize the factor of the animal density is to correct colony counts for the number of animals. This correction however is based on the assumption that all piglets contribute a same amount to the colonies. Furthermore, it remains unclear what portion of the airborne C. difficile should be contributed to excretion by the sows. Last, the lacking of technical information about ventilation speed and capacity hindered the possibility of investigating the effect of variable ventilation speed on colony count. 
Strengths of the study are that it is the first prospective study to detect C. diff in air of pig farms, based on recent published studies in hospitals. A combination of cross sectional surveillance and longitudinal surveillance with inclusion of personal activities was used in the study. Furthermore, the study is microbiological well designed, with PCR ribotyping of a selection of the isolates. 
5. CONCLUSION
This study demonstrates the widespread aerial dissemination of Clostridium difficile on a pig farm. The widespread aerial dissemination of Clostridium difficile on the pig farm may have implications for aerial transmission of Clostridium difficile between piglets. Furthermore, this study demonstrates a significant correlation between personnel activity and airborne C. difficile colony counts. The finding of C. difficile in limited numbers at a 20m distance from the farm needs further research to determine its significance for human health.  
 
Recommendations
Future research needs standardized protocols and more general notion about the way C. difficile transports in air. It would be useful to conduct extensive research on the correlation between airborne colony counts and a number of factors, such as animal activity and diarrhea. Furthermore extensive air sampling must be done outside pig farms to gain insight in the environmental load of Clostridium difficile.

REFERENCES
Alvarez-Perez, S., Blanco, J.L., Bouza, E., Alba, P., Gibert, X., Maldonado, J., Garcia, M.E., 2009. Prevalence of Clostridium difficile in diarrhoeic and non-diarrhoeic piglets. Vet. Microbiol. 137, 302-305. doi: 10.1016/j.vetmic.2009.01.015. Bauer, M.P., Notermans, D.W., van Benthem, B.H., Brazier, J.S., Wilcox, M.H., Rupnik, M., Monnet, D.L., van Dissel, J.T., Kuijper, E.J., ECDIS Study Group, 2011. Clostridium difficile infection in Europe: a hospital-based survey. Lancet 377, 63-73. doi: 10.1016/S0140-6736(10)61266-4. Best, E.L., Fawley, W.N., Parnell, P., Wilcox, M.H., 2010. The potential for airborne dispersal of Clostridium difficile from symptomatic patients. Clin. Infect. Dis. 50, 1450-1457. doi: 10.1086/652648. Cole, D., Todd, L., Wing, S., 2000. Concentrated swine feeding operations and public health: a review of occupational and community health effects. Environ. Health Perspect. 108, 685-699. de Boer, E., Zwartkruis-Nahuis, A., Heuvelink, A.E., Harmanus, C., Kuijper, E.J., 2011. Prevalence of Clostridium difficile in retailed meat in the Netherlands. Int. J. Food Microbiol. 144, 561-564. doi: 10.1016/j.ijfoodmicro.2010.11.007. Debast, S.B., van Leengoed, L.A., Goorhuis, A., Harmanus, C., Kuijper, E.J., Bergwerff, A.A., 2009. Clostridium difficile PCR ribotype 078 toxinotype V found in diarrhoeal pigs identical to isolates from affected humans. Environ. Microbiol. 11, 505-511. doi: 10.1111/j.1462-2920.2008.01790.x. Fawley, W.N., Parnell, P., Verity, P., Freeman, J., Wilcox, M.H., 2005. Molecular epidemiology of endemic Clostridium difficile infection and the significance of subtypes of the United Kingdom epidemic strain (PCR ribotype 1). J. Clin. Microbiol. 43, 2685-2696. doi: 10.1128/JCM.43.6.2685-2696.2005. Fawley, W.N., Wilcox, M.H., 2001. Molecular epidemiology of endemic Clostridium difficile infection. Epidemiol. Infect. 126, 343-350. Freeman, J., Bauer, M.P., Baines, S.D., Corver, J., Fawley, W.N., Goorhuis, B., Kuijper, E.J., Wilcox, M.H., 2010. The changing epidemiology of Clostridium difficile infections. Clin. Microbiol. Rev. 23, 529-549. doi: 10.1128/CMR.00082-09. Gloster, J., Williams, P., Doel, C., Esteves, I., Coe, H., Valarcher, J.F., 2007. Foot-and-mouth disease - quantification and size distribution of airborne particles emitted by healthy and infected pigs. Vet. J. 174, 42-53. doi: 10.1016/j.tvjl.2006.05.020. Goorhuis, A., Bakker, D., Corver, J., Debast, S.B., Harmanus, C., Notermans, D.W., Bergwerff, A.A., Dekker, F.W., Kuijper, E.J., 2008. Emergence of Clostridium difficile infection due to a new hypervirulent strain, polymerase chain reaction ribotype 078. Clin. Infect. Dis. 47, 1162-1170. doi: 10.1086/592257. Hensgens, M.P., Goorhuis, A., van Kinschot, C.M., Crobach, M.J., Harmanus, C., Kuijper, E.J., 2010. Clostridium difficile infection in an endemic setting in the Netherlands. Eur. J. Clin. Microbiol. Infect. Dis. doi: 10.1007/s10096-010-1127-4. Homes, M.J., Heber, A.J., Wu, C.C., Clark, L.K., Grant, R.H., Zimmerman, N.J., Hill, M.A., Strobel, B.R., Peugh, M.W., Jones, D.D. Viability of bioaerosols produced from a swine facility. In: Proceedings of the International Conference on Air Pollution from Agricultural Operations, 7-9 February 1996, Kansas City, Missouri. Ames, IA: Iowa State University, 1996;127-131.Hopman, N.E., Keessen, E.C., Harmanus, C., Sanders, I.M., van Leengoed, L.A., Kuijper, E.J., Lipman, L.J., 2010. Acquisition of Clostridium difficile by piglets. Vet. Microbiol. doi: 10.1016/j.vetmic.2010.10.013. Indra, A., Lassnig, H., Baliko, N., Much, P., Fiedler, A., Huhulescu, S., Allerberger, F., 2009. Clostridium difficile: a new zoonotic agent? Wien. Klin. Wochenschr. 121, 91-95. doi: 10.1007/s00508-008-1127-x. Jhung, M.A., Thompson, A.D., Killgore, G.E., Zukowski, W.E., Songer, G., Warny, M., Johnson, S., Gerding, D.N., McDonald, L.C., Limbago, B.M., 2008. Toxinotype V Clostridium difficile in humans and food animals. Emerg. Infect. Dis. 14, 1039-1045. Keessen, E.C., Leengoed, L.A., Bakker, D., van den Brink, K.M., Kuijper, E.J., Lipman, L.J., 2010. Prevalence of Clostridium difficile in swine thought to have Clostridium difficile infections (CDI) in eleven swine operations in the netherlands]. Tijdschr. Diergeneeskd. 135, 134-137. Kim, K.Y., Ko, H.J., Kim, H.T., Kim, Y.S., Roh, Y.M., Kim, C.N., 2007. Effect of ventilation rate on gradient of aerial contaminants in the confinement pig building. Environ. Res. 103, 352-357. doi: 10.1016/j.envres.2006.09.005. Kim, K.Y., Ko, H.J., Lee, K.J., Park, J.B., Kim, C.N., 2005. Temporal and spatial distributions of aerial contaminants in an enclosed pig building in winter. Environ. Res. 99, 150-157. doi: 10.1016/j.envres.2004.10.004. Ko, G., Simmons, O.D.,3rd, Likirdopulos, C.A., Worley-Davis, L., Williams, M., Sobsey, M.D., 2008. Investigation of bioaerosols released from swine farms using conventional and alternative waste treatment and management technologies. Environ. Sci. Technol. 42, 8849-8857. Köllner, B., Heller, D., 2006. Ambient air concentrations of bioaerosols in the vicinity of a pigpen – results of the project ‘‘health-related effects of bioaerosols emitted by livestock husbandries” | [Bioaerosolimmissionen im umfeld eines schweinemastbetriebes – Ergebnisse aus dem projekt ‘‘gesundheitliche wirkungen von stall-luft-komponenten aus tierhaltungsbetrieben”]. Gefahrst.Reinhalt. Luft 66, 349–354.Kuijper, E.J., Coignard, B., Tull, P., ESCMID Study Group for Clostridium difficile, EU Member States, European Centre for Disease Prevention and Control, 2006. Emergence of Clostridium difficile-associated disease in North America and Europe. Clin. Microbiol. Infect. 12 Suppl 6, 2-18. doi: 10.1111/j.1469-0691.2006.01580.x. Kuske, C.R., 2006. Current and emerging technologies for the study of bacteria in the outdoor air. Curr. Opin. Biotechnol. 17, 291-296. doi: 10.1016/j.copbio.2006.04.001. Millner, P.D., 2009. Bioaerosols associated with animal production operations. Bioresour. Technol. 100, 5379-5385. doi: 10.1016/j.biortech.2009.03.026. Oliveira, C.J., Carvalho, L.F., Garcia, T.B., 2006. Experimental airborne transmission of Salmonella Agona and Salmonella Typhimurium in weaned pigs. Epidemiol. Infect. 134, 199-209. doi: 10.1017/S0950268805004668. Pillai, S.D., Ricke, S.C., 2002. Bioaerosols from municipal and animal wastes: background and contemporary issues. Can. J. Microbiol. 48, 681-696. Poutanen, S.M., Simor, A.E., 2004. Clostridium difficile-associated diarrhea in adults. CMAJ 171, 51-58. Roberts, K., Smith, C.F., Snelling, A.M., Kerr, K.G., Banfield, K.R., Sleigh, P.A., Beggs, C.B., 2008. Aerial dissemination of Clostridium difficile spores. BMC Infect. Dis. 8, 7. doi: 10.1186/1471-2334-8-7. Rupnik, M., Songer, J.G., 2010. Clostridium difficile Its Potential as a Source of Foodborne Disease. Adv. Food Nutr. Res. 60, 53-66. doi: 10.1016/S1043-4526(10)60003-4. Snelling, A.M., Beggs, C.B., Kerr, K.G., Shepherd, S.J., 2010. Spores of Clostridium difficile in Hospital Air. Clin. Infect. Dis. 51, 1104-5; author reply 1105. doi: 10.1086/656686. Songer, J.G., Uzal, F.A., 2005. Clostridial enteric infections in pigs. J. Vet. Diagn. Invest. 17, 528-536. Stark, K.D., 1999. The role of infectious aerosols in disease transmission in pigs. Vet. J. 158, 164-181. doi: 10.1053/tvjl.1998.0346. Sugiyama, H., Prather, J.L., Woller, M.J., 1986. Lyophilized airborne Clostridium botulinum spores as inocula that intestinally colonize antimicrobially pretreated adult mice. Infect. Immun. 54, 260-261. Thorne, P.S., Kiekhaefer, M.S., Whitten, P., Donham, K.J., 1992. Comparison of bioaerosol sampling methods in barns housing swine. Appl. Environ. Microbiol. 58, 2543-2551. Toshniwal, R., Silva, J.,Jr, Fekety, R., Kim, K.H., 1981. Studies on the epidemiology of colitis due to Clostridium difficile in hamsters. J. Infect. Dis. 143, 51-54. Weese, J.S., 2010. Clostridium difficile in food--innocent bystander or serious threat? Clin. Microbiol. Infect. 16, 3-10. doi: 10.1111/j.1469-0691.2009.03108.x. Weese, J.S., Wakeford, T., Reid-Smith, R., Rousseau, J., Friendship, R., 2010. Longitudinal investigation of Clostridium difficile shedding in piglets. Anaerobe 16, 501-504. doi: 10.1016/j.anaerobe.2010.08.001. Wilcox, M.H., Mooney, L., Bendall, R., Settle, C.D., Fawley, W.N., 2008. A case-control study of community-associated Clostridium difficile infection. J. Antimicrob. Chemother. 62, 388-396. doi: 10.1093/jac/dkn163. Wing, S., Wolf, S., 2000. Intensive livestock operations, health, and quality of life among eastern North Carolina residents. Environ. Health Perspect. 108, 233-238. 
Bauer, M.P., Notermans, D.W., van Benthem, B.H., Brazier, J.S., Wilcox, M.H., Rupnik, M., Monnet, D.L., van Dissel, J.T., Kuijper, E.J., ECDIS Study Group, 2011. Clostridium difficile infection in Europe: a hospital-based survey. Lancet 377, 63-73. doi: 10.1016/S0140-6736(10)61266-4. 
Best, E.L., Fawley, W.N., Parnell, P., Wilcox, M.H., 2010. The potential for airborne dispersal of Clostridium difficile from symptomatic patients. Clin. Infect. Dis. 50, 1450-1457. doi: 10.1086/652648. 
Cole, D., Todd, L., Wing, S., 2000. Concentrated swine feeding operations and public health: a review of occupational and community health effects. Environ. Health Perspect. 108, 685-699. 
de Boer, E., Zwartkruis-Nahuis, A., Heuvelink, A.E., Harmanus, C., Kuijper, E.J., 2011. Prevalence of Clostridium difficile in retailed meat in the Netherlands. Int. J. Food Microbiol. 144, 561-564. doi: 10.1016/j.ijfoodmicro.2010.11.007. 
Debast, S.B., van Leengoed, L.A., Goorhuis, A., Harmanus, C., Kuijper, E.J., Bergwerff, A.A., 2009. Clostridium difficile PCR ribotype 078 toxinotype V found in diarrhoeal pigs identical to isolates from affected humans. Environ. Microbiol. 11, 505-511. doi: 10.1111/j.1462-2920.2008.01790.x. 
Fawley, W.N., Parnell, P., Verity, P., Freeman, J., Wilcox, M.H., 2005. Molecular epidemiology of endemic Clostridium difficile infection and the significance of subtypes of the United Kingdom epidemic strain (PCR ribotype 1). J. Clin. Microbiol. 43, 2685-2696. doi: 10.1128/JCM.43.6.2685-2696.2005. 
Fawley, W.N., Wilcox, M.H., 2001. Molecular epidemiology of endemic Clostridium difficile infection. Epidemiol. Infect. 126, 343-350. 
Freeman, J., Bauer, M.P., Baines, S.D., Corver, J., Fawley, W.N., Goorhuis, B., Kuijper, E.J., Wilcox, M.H., 2010. The changing epidemiology of Clostridium difficile infections. Clin. Microbiol. Rev. 23, 529-549. doi: 10.1128/CMR.00082-09. 
Gloster, J., Williams, P., Doel, C., Esteves, I., Coe, H., Valarcher, J.F., 2007. Foot-and-mouth disease - quantification and size distribution of airborne particles emitted by healthy and infected pigs. Vet. J. 174, 42-53. doi: 10.1016/j.tvjl.2006.05.020. 
Goorhuis, A., Bakker, D., Corver, J., Debast, S.B., Harmanus, C., Notermans, D.W., Bergwerff, A.A., Dekker, F.W., Kuijper, E.J., 2008. Emergence of Clostridium difficile infection due to a new hypervirulent strain, polymerase chain reaction ribotype 078. Clin. Infect. Dis. 47, 1162-1170. doi: 10.1086/592257. 
Hensgens, M.P., Goorhuis, A., van Kinschot, C.M., Crobach, M.J., Harmanus, C., Kuijper, E.J., 2010. Clostridium difficile infection in an endemic setting in the Netherlands. Eur. J. Clin. Microbiol. Infect. Dis. doi: 10.1007/s10096-010-1127-4. 

Homes, M.J., Heber, A.J., Wu, C.C., Clark, L.K., Grant, R.H., Zimmerman, N.J., Hill, M.A., Strobel, B.R., Peugh, M.W., Jones, D.D. Viability of bioaerosols produced from a swine facility. In: Proceedings of the International Conference on Air Pollution from Agricultural Operations, 7-9 February
 1996, Kansas City, Missouri. Ames, IA: Iowa State University, 1996;127-131.
Hopman, N.E., Keessen, E.C., Harmanus, C., Sanders, I.M., van Leengoed, L.A., Kuijper, E.J., Lipman, L.J., 2010. Acquisition of Clostridium difficile by piglets. Vet. Microbiol. doi: 10.1016/j.vetmic.2010.10.013. 
Indra, A., Lassnig, H., Baliko, N., Much, P., Fiedler, A., Huhulescu, S., Allerberger, F., 2009. Clostridium difficile: a new zoonotic agent? Wien. Klin. Wochenschr. 121, 91-95. doi: 10.1007/s00508-008-1127-x. 
Jhung, M.A., Thompson, A.D., Killgore, G.E., Zukowski, W.E., Songer, G., Warny, M., Johnson, S., Gerding, D.N., McDonald, L.C., Limbago, B.M., 2008. Toxinotype V Clostridium difficile in humans and food animals. Emerg. Infect. Dis. 14, 1039-1045. 
Keessen, E.C., Leengoed, L.A., Bakker, D., van den Brink, K.M., Kuijper, E.J., Lipman, L.J., 2010. Prevalence of Clostridium difficile in swine thought to have Clostridium difficile infections (CDI) in eleven swine operations in the netherlands]. Tijdschr. Diergeneeskd. 135, 134-137. 
Kim, K.Y., Ko, H.J., Kim, H.T., Kim, Y.S., Roh, Y.M., Kim, C.N., 2007. Effect of ventilation rate on gradient of aerial contaminants in the confinement pig building. Environ. Res. 103, 352-357. doi: 10.1016/j.envres.2006.09.005. 
Kim, K.Y., Ko, H.J., Lee, K.J., Park, J.B., Kim, C.N., 2005. Temporal and spatial distributions of aerial contaminants in an enclosed pig building in winter. Environ. Res. 99, 150-157. doi: 10.1016/j.envres.2004.10.004. 
Ko, G., Simmons, O.D.,3rd, Likirdopulos, C.A., Worley-Davis, L., Williams, M., Sobsey, M.D., 2008. Investigation of bioaerosols released from swine farms using conventional and alternative waste treatment and management technologies. Environ. Sci. Technol. 42, 8849-8857. 
Köllner, B., Heller, D., 2006. Ambient air concentrations of bioaerosols in the vicinity of a pigpen – results of the project ‘‘health-related effects of bioaerosols emitted by livestock husbandries” | [Bioaerosolimmissionen im umfeld eines schweinemastbetriebes – Ergebnisse aus dem projekt ‘‘gesundheitliche wirkungen von stall-luft-komponenten aus tierhaltungsbetrieben”]. Gefahrst.
Reinhalt. Luft 66, 349–354.
Kuijper, E.J., Coignard, B., Tull, P., ESCMID Study Group for Clostridium difficile, EU Member States, European Centre for Disease Prevention and Control, 2006. Emergence of Clostridium difficile-associated disease in North America and Europe. Clin. Microbiol. Infect. 12 Suppl 6, 2-18. doi: 10.1111/j.1469-0691.2006.01580.x. 
Kuske, C.R., 2006. Current and emerging technologies for the study of bacteria in the outdoor air. Curr. Opin. Biotechnol. 17, 291-296. doi: 10.1016/j.copbio.2006.04.001. 
Millner, P.D., 2009. Bioaerosols associated with animal production operations. Bioresour. Technol. 100, 5379-5385. doi: 10.1016/j.biortech.2009.03.026. 
Oliveira, C.J., Carvalho, L.F., Garcia, T.B., 2006. Experimental airborne transmission of Salmonella Agona and Salmonella Typhimurium in weaned pigs. Epidemiol. Infect. 134, 199-209. doi: 10.1017/S0950268805004668. 
Pillai, S.D., Ricke, S.C., 2002. Bioaerosols from municipal and animal wastes: background and contemporary issues. Can. J. Microbiol. 48, 681-696. 
Poutanen, S.M., Simor, A.E., 2004. Clostridium difficile-associated diarrhea in adults. CMAJ 171, 51-58. 
Roberts, K., Smith, C.F., Snelling, A.M., Kerr, K.G., Banfield, K.R., Sleigh, P.A., Beggs, C.B., 2008. Aerial dissemination of Clostridium difficile spores. BMC Infect. Dis. 8, 7. doi: 10.1186/1471-2334-8-7. 
Rupnik, M., Songer, J.G., 2010. Clostridium difficile Its Potential as a Source of Foodborne Disease. Adv. Food Nutr. Res. 60, 53-66. doi: 10.1016/S1043-4526(10)60003-4. 
Snelling, A.M., Beggs, C.B., Kerr, K.G., Shepherd, S.J., 2010. Spores of Clostridium difficile in Hospital Air. Clin. Infect. Dis. 51, 1104-5; author reply 1105. doi: 10.1086/656686. 
Songer, J.G., Uzal, F.A., 2005. Clostridial enteric infections in pigs. J. Vet. Diagn. Invest. 17, 528-536. 
Stark, K.D., 1999. The role of infectious aerosols in disease transmission in pigs. Vet. J. 158, 164-181. doi: 10.1053/tvjl.1998.0346. 
Sugiyama, H., Prather, J.L., Woller, M.J., 1986. Lyophilized airborne Clostridium botulinum spores as inocula that intestinally colonize antimicrobially pretreated adult mice. Infect. Immun. 54, 260-261. 
Thorne, P.S., Kiekhaefer, M.S., Whitten, P., Donham, K.J., 1992. Comparison of bioaerosol sampling methods in barns housing swine. Appl. Environ. Microbiol. 58, 2543-2551. 
Toshniwal, R., Silva, J.,Jr, Fekety, R., Kim, K.H., 1981. Studies on the epidemiology of colitis due to Clostridium difficile in hamsters. J. Infect. Dis. 143, 51-54. 
Weese, J.S., 2010. Clostridium difficile in food--innocent bystander or serious threat? Clin. Microbiol. Infect. 16, 3-10. doi: 10.1111/j.1469-0691.2009.03108.x. 
Weese, J.S., Wakeford, T., Reid-Smith, R., Rousseau, J., Friendship, R., 2010. Longitudinal investigation of Clostridium difficile shedding in piglets. Anaerobe 16, 501-504. doi: 10.1016/j.anaerobe.2010.08.001. 
Wilcox, M.H., Mooney, L., Bendall, R., Settle, C.D., Fawley, W.N., 2008. A case-control study of community-associated Clostridium difficile infection. J. Antimicrob. Chemother. 62, 388-396. doi: 10.1093/jac/dkn163. 
Wing, S., Wolf, S., 2000. Intensive livestock operations, health, and quality of life among eastern North Carolina residents. Environ. Health Perspect. 108, 233-238. 


